Liver samples from 422 wild moose (Alces alces), 280 roe deer (Capreolus capreolus), and 73 reindeer (Rangifer tarandus) collected by hunters in various localities in Norway, 2002 Norway, -2003 , were analyzed for the essential trace elements cobalt, copper (Cu), manganese (Mn), molybdenum, selenium (Se), and zinc. Significant differences in hepatic concentrations among species were found for all elements except for Mn, and considerable individual and geographic variations were seen. Roe deer had statistically significant lower Se levels (median: 0.51 mg Se/g dry weight) than did moose (0.77 mg Se/g) and reindeer (0.85 mg Se/g). Moose from two coastal municipalities with high precipitation had considerably higher Se concentrations than those from the other localities studied. Seventy-nine roe deer (28%) and 36 moose (9%) had Se concentrations below that regarded as deficient in domestic ruminants. The Se status in roe deer was lower than previously reported in Europe. Moose had a significantly higher Cu (222 mg Cu/g dw) than did roe deer (112 mg Cu/g) and reindeer (105 mg Cu/g). The Cu status of moose and roe deer in Norway are among the highest reported in Europe. However, a suboptimal Se and Cu status was found in moose from Tvedestrand, a population which has suffered from a reduced condition and productivity. The variability in trace element status among hunted cervids, with no apparent signs of deficiency or toxicity, probably reflects adaptations in these wild ruminant species to cope with this. However, subtle clinical signs and lesions are difficult to detect and further research is needed.
INTRODUCTION
Trace mineral imbalance is an important field of study in animal husbandry. Traditionally, nine elements are regarded as essential trace minerals (microelements): chromium (Cr), cobalt (Co), copper (Cu), iodine (I), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn). However, since 1970, other elements have been added to this list (McDowell, 2003) . In Norway, disease linked to deficiencies of Se (Frøslie et al., 1980) , Cu (Frøslie, 1977) , and Co (Ulvund, 1990) , as well as to Cu toxicity, is well known among grazing ruminants. Less is known about trace mineral requirements and deficiencies in wild ruminants such as cervids. Many factors influence the supply of nutrients, but dense populations might cause competition for high-quality pasture, possibly having an effect on the trace mineral status of the animals. In Norway, four cervid species are common in natural populations, moose (Alces alces), red deer (Cervus elaphus), roe deer (Capreolus capreolus), and reindeer (Rangifer tarandus). With the exception of wild reindeer, there has been an enormous growth within these populations over the past few decades (Solberg et al., 2009) . The numbers of animals shot during the hunting seasons in 1975 versus 2003 were 10,218 and 38,564, respectively, for moose; 3,807 and 25,194 for red deer; and 5,240 and 28,500 for roe deer (Statistics Norway, 2004) . The trace element status in these greatly increased cervid populations is one of several factors that may be of importance for animal health and population management.
A survey of hepatic Cu, Co, and Se in wild red deer from five locations in Norway in 2001 showed large individual variance and indicated low Cu and Se status in several populations (Vikøren et al., 2005) . No clinical disease has been associated with these low levels of trace elements in wild red deer populations. However, Cu deficiency is a well-known cause of several disease syndromes in farmed red deer in Norway, and these herds require feed supplements (see references in Handeland and Aartun, 2008) . In wild moose in Sweden, Cu deficiency linked to molybdenosis has been associated with wasting disease and increased mortality (Frank, 1998) . A similar wasting syndrome has been observed in the moose population in the municipality of Tvedestrand in South Norway (Handeland, pers. obs.) . Cu deficiency has also been associated with population declines and mortality events in North American moose (see references in O'Hara et al., 2001; Custer et al., 2004) . Previous studies of wild moose, roe deer, and reindeer in Norway have generated some knowledge about the trace element status, particularly regarding Cu, Se, and Zn (Frøslie et al., 1984 (Frøslie et al., , 1987 Kå lå s and Myklebust, 1994; Sivertsen et al., 1995; Strand et al., 1995; Kå lå s and Øyan, 1997; Ytrehus et al., 1999) . However, several of these studies were primarily designed for studying heavy metal accumulations and long-range atmospheric pollutants and not the trace mineral status of the animals. Therefore, a more comprehensive and comparative study of Norwegian populations of wild moose, roe deer, and reindeer was designed to provide data on their hepatic status of Co, Cu, Mn, Mo, Se, and Zn. These are important essential trace elements of practical concern in the nutrition of domestic animals.
MATERIALS AND METHODS

Sampling population
All four wild cervid species in Norway are hunted during the autumn. Moose inhabit forests all over the country with the exception of some of the coastal parts of west and north Norway. Roe deer have a similar distribution but are not present in northernmost Norway.
Wild reindeer live in dispersed populations in separate high mountain areas in southern Norway.
Collection of samples
Liver samples were collected from 422 moose, 280 roe deer, and 73 wild reindeer during the hunting season (August-December) in Norway, 2002 Norway, -2003 Fig. 1 . In two municipalities, Tvedestrand and Marnardal (No. 6), both moose and roe deer were sampled (only one roe deer from Marnardal). The roe deer sampling sites included the island municipality of Hitra (No. 10), which was also among the localities sampled in the previous trace mineral study of red deer (Vikøren et al., 2005) . Wild reindeer were sampled in the not-previouslystudied population in the mountain area of Forollhogna (Fig. 1) .
A liver sample, approximately 53535 cm, was collected by the hunter and placed in a plastic box. This box was then sent by mail to the laboratory as soon as possible after the animal was shot. Information about location, date, sex, age group (calf, yearling, adult .2 years), body condition, and any physical abnormalities of the sampled animal was included with the sample. At the laboratory, the liver samples were frozen at 220 C until chemical analysis.
Chemical analyses
Chemical analyses included the following important essential trace minerals: Co, Cu, Mn, Mo, Se, and Zn. Each liver sample was partially thawed and a small piece (approximately 1.0 g) was cut out using disposable plastic utensils, put in a perfluoralcohoxil (PFA) container and weighed (wet weight). The sample was freeze-dried in order to use dry weight (dw) during digestion. Digestion was done by adding 3.5 ml Scan Pure concentrated (14.4 M) nitric acid (HNO 3 ; ChemScan AS, Elverum, Norway) to the sample and the solution was digested in a microwave oven (Milestone MLS Mega 1200; Milestone, Leutkrch im Allgä u, Germany) in the PFA containers. After digestion, the sample was diluted to 76.8 ml (0.6 M HNO 3 ) with Milli-Q water (ELGA Purelab Option-Q, ELGA LabWater, Marlow, UK). This solution was used for analysis with Element 1 Inductively Coupled Plasma High Resolution Mass Spectrometry (ICP-HR-MS) from Thermo (Bremen, Germany). High-resolution mode was used for Se and medium-resolution mode for other elements. The accuracy of the analytic procedures was checked against reference material: Bovine liver 1577b and dogfish liver DOLT-2 from the National Institute of Standards and Technology, Canada, and the National Research Council, Canada, respectively. The accuracy was satisfactory for all the elements with the exception of Se. Recovery tests of both reference material and samples showed recovery of 120%, which indicated that the Se results were 20% too high. The Se results presented were corrected accordingly. The reason for this discrepancy is an increased sensitivity for samples and reference material due to carbon (C) left after digestion, a known cause of interference for Se (C increases the Se signal). The following detection limits (DL; mg/g dw) were used: Co50.004, Cu50.4, Mn50.081, Mo50.028, Se50.01, and Zn51.18. The DL used was the highest one of either the instrumental detection limit or the blank detection limit (within three standard deviations of the blanks). All results are presented as mg/g dw.
Based on the wet weight (ww) and dw of the samples, the median dw percentage of liver tissue was calculated for each species: 30% (range 22-44%) for moose and 31% for both roe deer (22-39%) and reindeer (22-40%). The hepatic concentrations of trace elements were analytically obtained as dw and can be converted to ww on the basis of the dw percentage.
Statistical analyses and models
Analytic results below DLs were given a numeric value of half the DL for statistical calculations. To test for significant differences in trace element level between groups (for example, between moose and roe deer, between moose in different municipalities, between sex or age of one species), a nonparametric statistical hypothesis test, the Wilcoxon two-sample test (also known as Mann-Whitney test), was used and the level of significance was set at P#0.01. In statistical analyses of regional differences in roe deer, west Norway was excluded due to the low sampling number.
Modeling was done for Se and Cu in moose and roe deer for the variables of sex, age category, and municipalities-region. When at least two of the variables were significantly different for one species and one trace element, the log-transformed concentrations of the trace elements were used as response variables in a linear mixed effects model with sex and age group as covariates and municipalities-region as random effect. The analysis was done in R (R Development Core Team, 2010) using the Linear and Nonlinear Mixed Effects model (nlme) library (Pinheiro et al., 2010) .
RESULTS
Results of the chemical analyses for Co, Cu, Mn, Mo, Se, and Zn are presented in Table 1 for each species. Significant species differences were found for all trace (7), and Vefsn (8). Roe deer were sampled from 23 municipalities within the regions marked on the map, two of which, Ringsaker (9) and Hitra (10), are numbered because they are specially mentioned in the text. elements except for Mn. A large individual variation was seen for the elements, particularly among moose, and was most pronounced for Cu, Mo, and Se. Considerable geographic variation in levels of several of the trace elements was found for moose (Table 2 ) and roe deer (Table 3) .
Selenium
Roe deer had a significantly lower Se level than did moose and reindeer (Table 1). In moose, the mean Se level was much higher than the median, indicating a skewed distribution. Moose from the two municipalities of the northwestern coast b One individual was below the detection limit (DL).
c Three moose from Tvedestrand were below the DL. Medians with the same letter were not significantly different among age groups (Wilcoxon two-sample test, P#0.01). The C region was significantly lower than E and S. c All regions were significantly different except C vs. E. d E was significantly higher than C and S. e All regions were significantly different.
f Region E was significantly higher than C. g Due to low sampling size, the west region was not included in statistical analyses of differences between regions.
( Fig. 1, Å Fig. 1) . A significant age difference was only found for moose ( Table 2) . None of the species had significant sex differences.
The linear mixed effects model for log Se concentration in moose liver, including age category as an explanatory variable and municipality as a random variable, showed that the calves had significantly lower Se levels than did the other age categories (P,0.001). For the random effect, Tvedestrand (20.970) had lower and Å fjord (1.343) and Vefsn (1.210) had higher Se levels than the other municipalities.
Seventy-nine roe deer (28%) and 36 moose (9%) had Se concentrations below 0.33 mg Se/g dw, the level regarded as deficient in domestic ruminants in Norway (guidelines from the National Veterinary Institute, Se deficiency: hepatic levels ,0.10 mg Se/g ww). In roe deer from Ringsaker, the median Se concentration was below the referred deficiency level and 79% of the animals had deficient Se levels. Se-deficient roe deer were found in all the regions, but in only two individuals in South Norway. All municipalities except Å fjord and Vefsn had Se-deficient moose.
Copper
Moose had significantly higher Cu levels than did roe deer and reindeer (Table 1 ). The Cu concentration increased significantly with age for moose (Table 2) , whereas no age differences were found for reindeer. In roe deer, yearlings had significantly lower Cu (median: 82 mg/g) than did calves (114 mg/g) and adults (127 mg/g). No significant differences between sexes were found.
The linear mixed effects model for log (Wilson and Grace, 2001) . Two of the deficient roe deer were from the island municipality of Hitra in central Norway, in which the median Cu level was 66 mg/g (n541, range: 3.2-342 mg/g) and thus lower than in the central region as a whole (Table 3) .
Other elements
In the Wilcoxon test, significant differences between species were found for Mo, Co, and Zn but not for Mn (Table 1) . No significant differences were found between age groups for these four elements in roe deer whereas those in moose are shown in Table 2 . In reindeer, significant age differences were found. Adults had higher Co levels than calves, calves had higher Mn levels than the yearlings, and yearlings had lower Zn levels than the calves and adults. Significant sex differences were also found. Female moose had higher Mo, Co, and Mn levels and lower Zn levels than the male moose, and female roe deer had lower Mo, Co, and Zn levels than the male roe deer.
Tvedestrand
In moose from Tvedestrand, the minimum levels of all the elements were lower than in roe deer and lower than those registered in the other moose municipalities (except for Mo). In the mixed effects models for Se and Cu, moose from Tvedestrand had lower levels than the other municipalities (except Å fjord for Cu). Moose from Tvedestrand had the highest median and maximum levels for Mo (Table 2 ). This trend of high Mo and low Cu status was not seen in roe deer. One moose from Tvedestand had very low concentrations of all the trace elements, and five other individuals had deficient Se levels and low Mo levels ( Table 4 ). The rest of the moose from Tvedestrand had considerably higher Mo levels.
DISCUSSION
Selenium
Although roe deer had significantly lower hepatic Se levels than did reindeer and moose, an even lower Se status has been recorded in red deer from Norway (Vikøren et al., 2005) . This is in agreement with findings in Poland that red deer had lower hepatic Se levels than did roe deer (Pilarczyk et al., 2009 ). Some of the moose had very high Se concentrations, above levels that would indicate selenium poisoning in domestic ruminants (McDowell, 2003) . This phenomenon of individuals accumulating high amounts of Se without apparent signs of toxicity has been seen earlier in moose from Norway (Frøslie et al., 1987; Kå lå s and Myklebust, 1994; Sivertsen et al., 1995; Ytrehus et al., 1999) .
The highest Se levels in moose were found in the two northernmost coastal municipalities of Å fjord and Vefsn, which have wet climates with onshore wind and higher precipitation than the other municipalities studied (Norwegian Meteorological Institute, 2010) . These findings are in accordance with findings in Norwegian soils (see references in Låg, 1998) and mosses (Steinnes et al., 1994) , in which the highest Se contents were observed in the coastal regions due to proximity to the ocean and high precipitation, and also in the southernmost part of the country due to long-distance atmospheric transport of Se from Middle Europe. The importance of the latter has decreased over the latest decades. Earlier studies of moose (Frøslie et al., 1984 (Frøslie et al., , 1987 and sheep and cattle (Frøslie et al., 1980) have also found higher hepatic Se levels in coastal areas than in inland Norway.
The mean Se level found in moose was within the range of those previously reported in Norway (Frøslie et al., 1984 (Frøslie et al., , 1987  Kå lå s and Øyan, 1997) but higher than those reported from Sweden (Galgan and Frank, 1995) . The hepatic Se concentration in moose from Scandinavia was lower than or similar to those reported from Minnesota, USA (Custer et al., 2004) and lower than those found in Yukon, Canada (Gamberg et al., 2005) . A probable explanation for the low Se status in moose from Scandinavia is that the rocks in many regions in Fennoscandia have generally low Se content (Lå g, 1998) . In parts of the Yukon, the Se level in rock is very high (Gamberg et al., 2005) . The finding of higher Se levels among moose in Norway as compared to moose in Sweden is probably due, in part, to Se supplementation from the ocean along the long, windswept Norwegian coastline. The Se level in roe deer has been poorly studied. Roe deer collected during autumn in Germany (Humann-Ziehank et al., 2008) and in an Se-poor area in Poland (Pilarczyk et al., 2009 ) both showed higher mean Se levels than those found in our study. Although Frøslie et al. (1987) also reported higher median Se levels than we found in various regions of Norway, a direct comparison is difficult due to there being few details regarding how the regions were divided. Many roe deer in our study, particularly those from Ringsaker (central-east region), had a Se level that, in domestic ruminants in Norway, is regarded as deficient. Se deficiency has been a problem in cattle and sheep in several inland areas of Norway (Frøslie et al., 1980) and Se supplementation is commonly used. The health significance of low Se levels in wild roe deer found in this study is unknown. Humann-Ziehank et al. (2008) suggested that a good vitamin E status in Se deficient roe deer might prevent development of clinical signs.
Reindeer from Forollhogna had higher levels of Se than did moose and roe deer from neighboring inland areas and lower Se than reported from other wild reindeer populations examined in Norway (Frøslie et al., 1984 (Frøslie et al., , 1987 Strand et al., 1995) . Forollhogna is more to the northeast than the other reindeer populations studied and, being farther from the ocean with little precipitation (Norwegian Meteorological Institute, 2010) , it is little affected by atmospheric deposition (Steinnes et al., 1994) . Lichens are important forage for reindeer during winter in Norway. Lichens accumulate atmospheric contaminants through precipitation, and hepatic mineral levels in reindeer are influenced by the amount of lichen in their diet (Frøslie et al., 1984) . Garmo et al. (1986) found that lichens contained more Se than the other native plants studied in a mountain area of central-east Norway. The abundance of lichens is high in Forollhogna (Tømmervik et al., 2003) , which may partly explain why reindeer had higher median Se levels than did roe deer and moose from inland areas.
Copper
In this study, moose had significantly higher Cu levels than did roe deer and reindeer, which was in accordance with earlier Norwegian results. The Cu level among cervids in Norway seems to increase in the following order: red deer , reindeer , roe deer , moose (Frøslie et al., 1987; Kå lå s and Myklebust, 1994; Sivertsen et al., 1995; Kå lå s and Øyan, 1997; Vikøren et al., 2005 ; this study). These species differences are in accordance with findings elsewhere in Europe (Hecht, 1996; Falandysz, 1994) .
The Cu concentration in livers of moose and roe deer in this study was higher than those reported from other European countries such as Sweden (Mattson et al., 1981; Frank et al., 2004), Finland (Hyvä rinen and Nygren, 1993; Niemi et al., 1993) , Estonia (Hö drejë rv and Ott, 1983), Germany (Hecht, 1996) , and Poland (Falandysz, 1994) . We conclude that the Cu status of moose and roe deer in Norway are among the highest reported and seem to be adequate in most individuals and areas.
The Cu concentration varied considerably within and between municipalitiesregions, as previously seen in cervids (Frøslie et al., 1987) and sheep (Frøslie, 1977) from Norway. In the mixed effects model, moose from the two coastal municipalities, Å fjord and Tvedestrand, had lower Cu levels than the other municipalities. Also, roe deer from the island of Hitra had particularly low Cu levels. The median/mean Cu concentration of reindeer from the inland area Forollhogna was, with few exceptions, higher than reported from other wild reindeer populations in Norway (Frøslie et al., 1984 (Frøslie et al., , 1987 Strand et al., 1995) . In sheep, Cu deficiency and low hepatic Cu levels have been reported from coastal areas, whereas chronic Cu toxicity has been a problem in several inland areas of Norway (Frøslie, 1977) . Some individual moose and roe deer had very high Cu levels, above those regarded as toxic to sheep (.150 mg/g ww; Frøslie, 1977) , without apparent signs of toxicity.
The low Cu level found in roe deer from Hitra corresponds to the findings made in red deer on this island (Vikøren et al., 2005) . The median Cu level was 6.4 mg/g ww in red deer and 20 mg/g ww in roe deer, respectively, and 13% of the red deer and 5% of the roe deer had hepatic Cu concentrations below levels considered deficient. The two species ranges more or less cover the entire island and their habitats overlap to a high degree. This implies that differences in diet and metabolism are important factors for the variation in hepatic Cu between the two species.
Tvedestrand
The moose population density in the two southernmost counties of Norway, in which Tvedestrand is located, has been extremely high; it peaked in the early 1990s. This caused pressure on browsing resources that resulted in reduced reproduction and slaughter weights in the population. Osteoporosis (Stuve et al., 1996; Ytrehus et al., 1999) , toxic nephrosis , and wasting disease (Handeland, unpubl.) were also diagnosed. Despite management measures such as increasing the harvest to reduce the population density, the population condition (carcass mass, fecundity, and recruitment rates) is still low in moose populations in this area compared to populations from other parts of Norway (Solberg et al., 2009) . Some individual moose from Tvedestand had very low concentrations of several of the trace elements, including deficient levels for Se and Cu (n51). Except for one moose, the hunters considered these animals to have normal body condition and they did not note any physical abnormalities (Table 4). However, more subtle lesions may have gone unnoticed. The yearling with low levels of all the trace elements had a lower slaughter weight than the average recorded in this age group from South Norway (Solberg et al., 2009) .
The results of the mixed effects models in moose showed lower Se and Cu levels in Tvedestrand compared with the other municipalities (except Å fjord for Cu). The results for Mo were the opposite; moose from Tvedestrand had the highest median and maximum Mo levels. This may indicate that the low Cu concentrations are linked to a high Mo content in the moose feed, as Mo is a well-known antagonist to Cu absorption in the digestive tract due to formation of insoluble Cu-Mo-sulfur complexes (McDowell, 2003) . A different situation was seen in roe deer from Tvedestrand, in which the median Cu and Se levels were higher and Mo lower than in the total roe deer material.
CONCLUSIONS
Hepatic levels of several trace elements varied between and within Norwegian cervid populations. The variability in trace element status found among felled cervids with no apparent signs of deficiency or toxicity noticed by the hunters probably reflects adaptations in these wild ruminant species to cope with this variability. However, many roe deer had low Se status, below the level regarded as deficient in domestic ruminants. Also, a suboptimal status for Se and Cu was found in the moose population in Tvedestrand, which was showing failure to thrive as compared to other moose populations. Further research is needed to elucidate this finding.
